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Structure and Functional Analysis
of the Fungal Galectin CGL2
sis (Colnot et al., 1997), and cancer (Danguy et al., 2002).
Despite involvement in many vital aspects of develop-
ment, no explicit function has been identified yet.
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1Institute of Microbiology Potential targets for galectins are manifold on glyco-
conjugates in animal cells, but how galectins decipherSwiss Federal Institute of Technology
Schmelzbergstrasse 7 and discriminate the sugar codes presented in a defined
cellular context is not well understood. Binding of aCH-8092, Zurich
2 Institute for Molecular Biology and Biophysics glyco-target is only the initial step; associated down-
stream events of substrate binding need to be consid-Swiss Federal Institute of Technology
ETH Ho¨nggerberg ered for further understanding of these processes. The
precise spacing of glyco-epitopes and constraints onHPK Building
CH-8093, Zurich the respective receptors seem to be a major discriminat-
ing feature for clustered and multivalent lectin-carbohy-Switzerland
3 Institute of Forest Botany drate interactions (Brewer et al., 2002). Therefore, defin-
ing the exact structural parameters and geometry inGeorg-August-University Go¨ttingen
Bu¨sgenweg 2 substrate binding is a first and fundamental step in eluci-
dating the function of galectins.D-37077, Go¨ttingen
Germany Glycans offer a distinct pattern of hydroxyl groups as
potential hydrogen bonding partners, but also hydro-
phobic stretches of extended aliphatic C-H “patches,” if
hydroxyl groups face the opposite plane of the sugarSummary
ring. It is thought that burial of nonpolar patches contrib-
utes substantially to sugar binding (Weis and Drickamer,Recognition of and discrimination between potential
glyco-substrates is central to the function of galectins. 1996; Solı´s et al., 2001). Central to galectin-glycan inter-
action are the conformation of the -galactoside and,Here we dissect the fundamental parameters respon-
sible for such selectivity by the fungal representative, most prominently, the coordination of the axial 4-hydroxyl
group, ultimately leading to discrimination betweenCGL2. The 2.1 A˚ crystal structure of CGL2 and five
substrate complexes reveal that this prototype galec- galactose and glucose or mannose. Specific interaction
with -galactosides results from additional coordinationtin achieves increased substrate specificity by accom-
modating substituted oligosaccharides of the mam- of carbohydrate moieties at the reducing end of the
glycan by the galectin, thereby restricting the degreemalian blood group A/B type in an extended binding
cleft. Kinetic studies on wild-type and mutant CGL2 of freedom of the galactose moiety. However, lectins
usually bind carbohydrates weakly, manifested by dis-proteins demonstrate that the tetrameric organization
is essential for functionality. The geometric constraints sociation constants ranging from millimolar to high
micromolar. Conversely, when determining lectin-glyco-due to the orthogonal orientation of the four binding
sites have important consequences on substrate bind- conjugate interactions, researchers have frequently
found KD’s in the nanomolar range (Weis and Drickamer,ing and selectivity.
1996).
To further understand the molecular function of galec-Introduction
tins, we investigated the structure of the fungal repre-
sentative, CGL2. Two developmentally regulated isolec-Lectins exploit the enormous potential of structural in-
formation presented in the form of glyco-codes and tins were purified from the basidiomycete Coprinopsis
cinerea (Cooper et al., 1997). Differential expressioncouple binding to various types of cellular responses.
within mushroom structures and localization in the ex-Galectins are a large and widespread family of lectins
tracellular matrix indicated distinct roles of the two ga-defined by conserved sequence elements in their carbo-
lectins during tissue development (Boulianne et al.,hydrate recognition domain and their affinity for
2000). The receptor for these mushroom galectins as-galactosides. The carbohydrate recognition domain
well as their function in development is unknown. Weconsists of130 amino acids, tightly folded as a  sand-
have undertaken crystallographic studies accompaniedwich containing two antiparallel  sheets (Barondes et
by mutant analysis to determine the structural require-al., 1994). Galectins have been implicated in a vast and
ments for carbohydrate binding. The crystal structuresdiverse array of processes, ranging from intracellular
of five CGL2-ligand complexes show that binding affinityinvolvement in pre-mRNA splicing and regulation of cell
is increased by extension of the binding interface, re-growth (Liu et al., 2002) to extracellular cell adhesion
sulting in additional galectin-ligand interactions. Kinetic(Hughes, 2001), immune cell homeostasis (Hernandez
studies on CGL2 mutants helped to identify residuesand Baum, 2002; Rabinovich et al., 2002), embryogene-
essential for high-affinity binding and suggest that CGL2
oligomerization is important for tight association with*Correspondence: ban@mol.biol.ethz.ch (N.B.), aebi@micro.biol.
ethz.ch (M.A.) glycans.
Structure
690
T
ab
le
1.
S
um
m
ar
y
o
f
S
tr
uc
tu
re
D
et
er
m
in
at
io
n
an
d
R
ef
in
em
en
t
B
lo
o
d
B
lo
o
d
D
at
a
S
et
S
90
C
-H
g
E
t
Li
g
an
d
-f
re
e
La
ct
o
se
T
A
nt
ig
en
Li
ne
ar
B
2
G
ro
up
H
G
ro
up
A
D
iff
ra
ct
io
n
D
at
a
S
p
ac
e
g
ro
up
P
43
21
2
P
2 1
2 1
2
P
4 3
2 1
2
P
2 1
P
4 1
2 1
2
P
3 1
12
P
3 2
21
C
el
lc
o
ns
ta
nt
s
(A˚
)
a

65
.2
4
a

67
.8
78
a

65
.2
2
a

44
.1
4
a
66
.3
2
a

11
3.
61
a

61
.4
1
b

21
3
b

11
4.
62
c

24
0.
29
b

11
3.
63
c
21
8.
47
c

12
2.
33
c

19
4.
23
c

49
.5
3
c

65
.0
9


10
8.
5
M
o
sa
ic
ity
0.
8
0.
84
0.
64
1.
5
0.
7
0.
73
0.
45
R
es
o
lu
tio
n
lim
it
(A˚
)
2.
2
2.
2
2.
6
2.
2
2.
15
2.
1
2.
3
M
ea
su
re
d
re
fle
ct
io
ns
22
4,
96
2
36
7,
63
5
37
1,
82
0
52
7,
58
3
52
3,
48
3
1,
40
9,
98
6
30
6,
15
2
U
ni
q
ue
re
fle
ct
io
ns
49
,9
49
(4
56
7)
19
,2
15
(1
33
4)
16
,5
36
(1
37
5)
20
,7
65
(1
80
5)
27
,1
45
(2
67
0)
54
,3
97
18
,1
99
(7
75
)
M
ea
n
I/

(I)
29
.9
(5
.9
)
21
.8
(9
.8
)
20
.6
(2
.4
)
12
.9
(6
.1
)
32
.2
(4
.6
)
14
.1
(2
.8
)
27
.8
(5
.4
)
R
sy
m
(I)
0.
05
3
(0
.1
02
)
0.
06
8
(0
.1
41
)
0.
11
9
(0
.3
72
)
0.
05
(0
.1
02
)
0.
06
2
(0
.2
54
)
0.
10
8
(0
.3
99
)
0.
08
6
(0
.3
06
)
C
o
m
p
le
te
ne
ss
%
99
.1
(9
1.
2)
94
.5
(6
6.
8)
98
.4
(8
5.
2)
67
.4
(6
7.
4)
99
.6
(9
9.
9)
99
.7
(9
7.
0)
99
.5
(8
9.
6)
R
ed
un
d
an
cy
4.
5
(1
.4
)
5.
1
(4
.2
)
9.
5
(5
.2
)
1.
8
(1
.9
)
7.
5
(5
.5
)
6.
3
(4
.4
)
8.
9
(6
.2
)
F
ig
ur
e
o
f
m
er
it
0.
32
—
—
—
—
—
—
R
ef
in
em
en
t
S
ta
tis
tic
s
R
es
o
lu
tio
n
lim
its
(A˚
)
—
50
–2
.2
50
–2
.6
50
–2
.2
50
–2
.1
5
50
–2
.1
50
–2
.3
N
o
.
re
fle
ct
io
ns
us
ed
—
19
,1
89
15
,3
51
20
,2
41
26
,2
51
51
,2
09
17
,7
37
R
fa
ct
o
r
—
0.
20
0.
21
0.
21
6
0.
19
8
0.
21
8
0.
20
9
N
o
.
re
fle
ct
io
ns
fo
r
R
fr
ee
—
93
5
1,
52
9
98
1
1,
28
5
2,
58
2
86
5
R
fr
ee
—
0.
26
0.
26
6
0.
29
6
0.
23
1
0.
24
7
0.
24
7
M
o
d
el
co
nt
en
ts
(r
es
id
.)
A
m
in
o
ac
id
—
30
0
30
0
60
0
30
0
60
0
30
0
H
2O
—
30
3
12
5
19
4
29
9
33
9
19
9
C
ar
b
o
hy
d
ra
te
—
—
4
8
6
12
8
A
ve
ra
g
e
B
fa
ct
o
r
(A˚
2 )
—
21
.2
0
45
.3
3
24
.7
3
34
.9
4
28
.8
0
23
.6
8
R
m
sd
fr
o
m
id
ea
lg
eo
m
et
ry
B
o
nd
le
ng
th
(A˚
)
—
0.
00
5
0.
00
6
0.
00
7
0.
00
5
0.
00
6
0.
00
6
B
o
nd
an
g
le
(
)
—
1.
4
1.
4
1.
4
1.
4
1.
4
1.
4
P
D
B
ID
co
d
e
—
1U
L9
1U
LC
1U
LG
1U
LE
1U
LD
1U
LF
Structure of Fungal Galectin
691
Figure 1. Overall Structure of CGL2
The CGL2 monomer is globular with a typical
galectin (jelly-roll) fold. The fold is made up
of two antiparallel  sheets composed of six
strands each. Standard numbering of the
strands is indicated on one polypeptide
(F1–F6/S1–S6). The oligomeric state of the
lectin is tetrameric, resembling a four-leafed
clover, with approximate dimensions of 70 
70 40 A˚. The individual subunits are marked
A–D for simplicity. The tetramer shares exten-
sive intersubunit contact surface. A conspic-
uous knot is generated by all four C termini
in the center. Bound lactose is shown in stick
representation for better visualization of
binding site orientation. The binding sites are
approximately 55 and 70 A˚ (diagonally) apart
and are oriented in alternate direction (up-
down-up-down).
Results Coordination of the Carbohydrate
The most intimate aspect of galectin function is the
coordination of the glycan ligand. Residues shown toOverall Structure
be involved in direct contact with the sugar are highlyThe crystal structure of the fungal galectin CGL2 from
conserved between galectins from animals to fungiC. cinerea was solved to 2.1 A˚ resolution using SAD
(Cooper et al., 1997). These residues include His-51,phases from a single mercury derivative. Five additional
Arg-55, Asn-64, Trp-72, and Glu-75 (numbering ofgalectin-glycan structures were determined by molecu-
CGL2). They all locate to  strands S4, S5, and S6. Thelar replacement with the lactose-liganded structure as
connecting loops create a binding cleft open to boththe search model. Interestingly, each galectin-glycan
sides. All glycan structures in this study were well or-complex cocrystallized under similar conditions but in
dered. In the case of Thomsen-Friedenreich antigendifferent space groups (see Experimental Procedures).
(T antigen, Gal1-3GalNAc), the electron density wasThe crystallographic details for all structures are sum-
less well defined due to crystal anisotropy (see Tablemarized in Table 1.
1). Figures 2 and 3 give a detailed summary of the investi-CGL2 forms a tetramer in all six structures (Figure 1).
gated binding sites. The most important interactions areThe tetramer is interrelated by two perpendicular 2-fold
listed in Supplemental Table 1 at http://www.structure.axes of rotation. Each monomer has a typical galectin
org/cgi/content/full/12/4/689/DC1.fold composed of two antiparallel, six-stranded  sheets
Examination of the minimal ligand lactose revealed(F1–F6 and S1–S6; Lobsanov et al., 1993) forming a 
positioning of the -galactoside ring within a wedge-
sandwich. The C-terminal arms of the four monomers
like cavity formed by the planar side chains of His-51
(amino acids 142–150) meet in the center of the oligo-
and Trp-72 (Figure 2C). This limits the overall freedom
merization interface. The interface is extended by con- of the galactoside and restricts the 4-hydroxyl group
tacts between the subunits of the tetramer (see also to the axial epimer. An extended stretch of carbon atoms
Figures 4 and 5), mainly due to contacts between strand (C3–C6) packs against the conserved Trp-72. Substitu-
F1 and strands F3 and F5. tion of this residue by glycine completely abrogated
Substrate binding occurs at a solvent-exposed cavity sugar binding (see Figure 6F). The axial 4-OH hydrogen
on the concave side of the sandwich formed by strands bonds to His-51 and Arg-55, further confining the confor-
S4–S6. Neighboring binding sites for the ligands are mation of the -galactoside. Substitution of Arg-55 by
oriented reciprocally in the tetramer, pointing up or alanine abolished substrate binding (see Figure 6F), em-
down relative to the tetrameric plane. In consequence, phasizing the importance of this residue. In addition,
the reducing end of the glycans (at which the glycocon- the 4-OH accepts a hydrogen bond from an invariant
jugate is eventually attached to the aglycone) will be water molecule that is bonded to Ser-53, taking the
located either above or below the tetrameric plane, re- role of Asn-46 of mammalian galectin-1, or Asn-47 of
garding two vicinal binding sites. The individual binding galectin-2 (Lobsanov et al., 1993; Liao et al., 1994). With
clefts are spaced diagonally by about 70 A˚, or 55 A˚ in the this exception, the interaction with lactose is seen to
case of adjacent binding sites that are facing opposite closely resemble those reported previously for animal
galectins in complex with this ligand (see Shirai et al.planes.
Structure
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Figure 2. Binding of the Carbohydrate by CGL2
Fo-Fc omit maps of the electron densities are contoured at 3 , calculated without the ligand. Water molecules and noninteracting amino
acid residues are not depicted in structures with ligands. The solvent-accessible surface of the protein is shown in transparent gray. Each
observation angle has been optimized to view the oligosaccharide and differences between subsets. Two-dimensional plots were created
using LIGPLOT to give a facilitated overview of the mode of coordination. Distances of water-mediated interactions are given therein. Some
water-mediated interactions have been left out for simplicity.
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[2002] for a comparison among different animal ga- 3N-acetylgalactosamine) substitutions of the -galacto-
side (Figures 3E and 3F). The 6-OH of the terminallectins).
Interactions were observed between the galectin and 1-3GalNAc is hydrogen bonded to N of the essential
Trp-72. The 2-acetamido group undergoes hydropho-the penultimate sugar (see Figures 2 and 3). Given the
extremely weak interaction with the monosaccharide bic interaction with Val-38, as well as water-mediated
hydrogen bonding to Asn-40. Arg-66 coordinates thegalactose, specific interactions must occur between the
protein and the penultimate sugar (Barondes et al., axial 4-OH, mediated by a water molecule, thus ex-
tending the binding site further into the concave groove1994). For example, a free 3-hydroxyl group of the re-
ducing glucose/N-acetylglucosamine in lactose-type in- of the  sandwich. The 1-2fucoside is not directly coor-
dinated by CGL2. The ring oxygen is ligated via waterteractions has proven vital to galectin binding, because
fucosylation of this position, as found in Lewisx-type bridges to the conserved water residue bonded to Ser-
53 and further to Thr-36. In addition, hydrophobic inter-glycans, abrogates ligand binding (Leffler and Baron-
des, 1986). However, the sugar at the reducing end of actions between the fucoside and the-galactoside lock
the overall conformation of the glycan.the ligands is not restricted to glucose/N-acetylglucos-
amine and may be N-acetylgalactosamine, mannose, or In order to dissect the contributions of the individual
substitutions, we investigated carbohydrate ligands de-another (this study; Ahmed et al., 2002).
The edge of the binding site below the glycosidic rived from lactose that contained either 1-2 fucosyla-
tion (blood group H determinant) or 1-3 galactosylationbond of the -galactoside is formed by a quartet of salt-
bridged arginine and glutamate residues (Glu-58, Arg- (linear B2). Interactions with the 1-3 galactoside are
very similar to those described for blood group A (Fig-55, Glu-75, and Arg-77). This cluster presents a platform
of hydrogen bonding partners to ligand hydroxyl groups ures 3A and 3B). The interactions of the fucoside in blood
group H trisaccharide also resemble those observed forat the reducing end of the -galactoside (Figure 2C). In
lactose and derivatives, the 3-OH group of the reducing blood group A (Figures 3C and 3D). The torsion angles
φ/	 for the glycosidic bonds are similar for bothmoiety is coordinated 2-fold by accepting a hydrogen
bond from the essential Arg-55 and donating to Glu- -galactosides and -fucosides, confirming that they
assume a blood group A-related conformation (see Sup-75. Thomsen-Friedenreich antigen, a tumor-associated
glyco-antigen shown to be involved in mammalian plemental Table 2 at http://www.structure.org/cgi/content/
full/12/4/689/DC1).galectin-3-mediated metastatic homo- and heterotypic
aggregation (Glinsky et al. 2003), binds the rigid plat- A subset of galectins binds N-acetyllactosamine with
significantly higher affinity than lactose. Therefore, twoform in a different conformation (Figure 2E). The axial
4-hydroxyl group of the reducing GalNAc takes the glycans with reducing GlcNAc were studied. Analysis of
the interactions between CGL2 and either blood groupplace of the equatorial 3-OH of Glc/GlcNAc in hydrogen
bonding to Arg-55 and Glu-75. -galactosidic torsion H or linear B2 glycans revealed that a hydrogen bond
between the acetamido N2 and a water molecule boundangles are altered significantly compared to the galac-
tosidic bond in lactose(amine) (φ  87.6, 	  88.0; see to Glu-58 and Arg-77. The same type of interaction is
seen with the 2-OH group in the case of reducing glu-Supplemental Table 2 at http://www.structure.org/cgi/
content/full/12/4/689/DC1). The acetamido group is not cose in the blood group A tetrasaccharide. Foremost,
the acetyl moiety in GlcNAc is involved in hydrophobiccoordinated by the protein. The position of the
-galactoside (along with the interactions) is the same contacts with Arg-77. GlcNAc is present as a mixture
of  and  anomers, as judged by additional peaks inas observed in the lactose/N-acetyllactosamine derived
structures. the difference maps. The submitted structure contains
only the prevailing  anomer.To investigate the structural prerequisites for high-
affinity binding, oligosaccharides with substitutions of No conformational changes in the active site are de-
tected between free and ligand-bound CGL2. Interest-the minimal ligand were examined. It has long been
recognized that derivatization of the minimal -galacto- ingly, the network of hydrogen bonds is preserved in
both forms. The nonliganded protein interacts with fourside leads to increased binding affinity due to possible
further coordination in a hitherto postulated extended water molecules, which are replaced by the 4-OH, the
cyclic 5-O, and the exocyclic 6-OH of the-galactosidebinding site (Leffler and Barondes, 1986). The most no-
ticeable positions for substitutions are the 2- and and the 3-OH of the reducing sugar in the liganded
form (Figures 2A and 2B).3-OH groups of the -galactoside which are not ligated
by CGL2. Indeed, extended binding interactions are In order to correlate the structural results with the
binding affinity of various oligosaccharides, dissociationobserved in the structure of blood group A tetrasaccha-
ride that represents both 2 (1-2fucose) and 3 (1- constants were measured. Surface plasmon resonance
(A and B) 2FoFc map of the ligand-free binding site contoured at 1 . Four water molecules (red spheres) occupy the place of -galactoside
4- and 6-hydroxyl groups and the ring oxygen, as well as the essential 3-hydroxyl group of glucose/N-acetylglucosamine, thereby mimicking
the minimal carbohydrate hydrogen bonding interactions. Lactose is shown as blue sticks for reference.
(C and D) Lactose (Gal1-4Glc) representing the minimal ligand. The 4- and 6-hydroxyl groups are the most deeply buried, accepting
hydrogen bonds from His-51 and Arg-55 and Asn-64, respectively. The 3-OH donates a hydrogen bond to Glu-75 and accepts from Arg-55.
(E and F) Thomsen-Friedenreich antigen (Gal1-3GalNAc) adopts a different conformation compared to lactose at the reducing end (axial
4-OH). The coordination of the -galactoside and the fundamental interactions remain. The reducing GalNAc is bound by interactions of the
4-OH and the exocylcic 6-OH.
Structure
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Figure 3. Binding of the Carbohydrate by CGL2
The figure was prepared as in Figure 2.
(A and B) Linear B2 trisaccharide (Gal1-3Gal1-4GlcNAc). The acetamido group of the reducing 1-4-linked GlcNAc undergoes additional
hydrophobic interaction with Arg-77, thus giving a structural basis for preference of N-acetyllactosamine glycans. The -galactoside extends
into the binding groove, making additional contact with Arg-66 and Trp-72.
(C and D) Blood group H trisaccharide (type II, Fuc1-2Gal1-4GlcNAc). The fucoside is coordinated by bridging water molecules (O5) and
further stabilizes conformation of the -galactoside by intramolecular hydrophobic interactions.
(E and F) Blood group A tetrasaccharide (GalNAc1-3[Fuc1-2]Gal1-4Glc). This represents the most extended structure observed. The
N-acetyl function of the 1-3GalNAc creates additional interactions with Val-38 and Asn-40, extending the binding site further into to groove
(as for linear B2) and into the adjacent pocket into which the acetamido group extends. The basic interactions with the -galactoside remain
constant.
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Table 2. Affinity of Selected Carbohydrates towards the Galectin Determined by SPR
Concentration Range
Ligand Trivial Name [10
6 M]a KD [10
6 M]b Contactsc
Gal1-4Glc Lactose 10.0–200.0 85.4 19
Gal1-4GlcNAc N-acetyllactosamine 5.0–200.0 16.4 na
Gal1-3GalNAc Thomsen-Friedenreich antigen 50.0–500.0 62.2 28
Fuc1-2Gal1-4GlcNAc Blood group H 1.0–50.0 4.5 43
Neu5Ac2-3Gal1-4GlcNAc 3Sialyllactosamine 2.0–25.0 8.5 na
Gal1-3Gal1-4GlcNAc Linear B2 0.1–2.0 1.2 48
Gal1-3Gal1-4GlcNAc1-3Gal1-4Glc Galili pentasaccharide 1.0–25.0 2.7 na
The functions to be investigated are in bold.
na, not applicable.
a 0.5 M asialofetuin (high molecular weight reporter) mixed with varying concentrations of the glycan to be analyzed in biosensor experiments.
b Dissociation constants were calculated by integration of the kinetic data.
c Mean number of contacts (including water mediated interactions) from crystal structures.
experiments were designed using asialofetuin as a high symmetric binding interface formed between subunits A
and B, creating a C-terminal hook, consists of reciprocalmolecular weight reporter in order to determine the inter-
actions of low molecular weight oligosaccharides with interactions of strands F5 and the C termini. The two
diagonally related subunits (A and D) meet at Arg-26CGL2 immobilized on a biosensor surface. The results
are summarized in Table 2. There is a marked correlation and Pro-149.
Size exclusion chromatography showed that CGL2between the measured binding affinities and the overall
number of ligand-CGL2 contacts in the crystal structure. exists exclusively in a tetrameric state over the range
of concentrations between 0.1 and 500 mM (Figure 6ASubstitution of the hydroxyl group by deoxy-acetamido
in position 2 of the reducing sugar (Glc versus GlcNAc) shows 6–500 M). Only trace amounts of what seem to
be tri-, di- and monomeric species could be detectedincreased the binding strength 5-fold and can be ac-
credited to interaction of CGL2 with the acetyl group. at concentrations below 6 M. In order to assess the
contribution of C-terminal residues to the stability ofThe acetamido group of the T antigen is not coordinated
by CGL2, and the affinity of this sugar was approximately the tetrameric state of CGL2, mutant galectins with
C-terminal truncations were constructed. The C-ter-equal to that of lactose. Derivatization of the -galacto-
side in N-acetyllactosamine at the 3 position with the minal extension starts with a hinge at Gly-142 and is
followed by interspersed repeats of leucines and pro-charged substituent sialic acid increased the binding
affinity 2-fold compared to LacNAc. Addition of the 1- lines (-GLLPPLPPA). Truncation of the last three (C3,
-PPA) or six (C6, -PPLPPA) C-terminal amino acids did2fucoside further consolidated binding by reducing the
KD 4-fold over LacNAc. The most profound effect was not result in a drastic change of the overall quaternary
structure. A representative chromatogram for C6 inobserved with linear B2 trisaccharide or Galili pentasac-
charide, with equilibrium dissociation constants around comparison with the full-length protein is shown in Fig-
ure 6. Nevertheless, mutant proteins C3 and C6 ex-1 M, approximately 10-fold lower than LacNAc.
hibited shifted tetrameric peaks, and the multimeric
peaks skewed toward lower molecular weights. In someGalectin Oligomerization
The oligomeric structure of the Coprinopsis galectin is cases, an increase in monomeric species was observed
(data not shown). The skewed molecular size distribu-tetrameric. The solvent-accessible surface of the tetra-
mer is 24,500 A˚2, with buried surface area totaling tion is strongly concentration dependent, decreasing
at high concentrations (600 M; data not shown). This7,450 A˚2. This substantial interface area buried upon
mulitmerization almost equals the accessible surface of change in apparent molecular weight could be attributed
to slightly decreased stability of the tetramer. Deletiona monomer (7900 A˚2). The area of contact in the tetramer
is 900 A˚2. Figure 4 shows the contact surface in detail of the C-terminal 8 amino acids (C8, -LLPPLPPA) leads
to a striking redistribution of the exclusively tetramericas well as the C-terminal knotting. Interactions between
the subunits involve hydrogen bonds (direct and water population to tetra- and monomeric species. Tri- and
dimeric species could not be resolved (range tested,mediated) and Arg-Glu salt bridges, as well as hy-
drophobic interactions concentrated in the central belt 10–300 M) (Figure 6C). The presence of monomeric
galectin in this mutant demonstrates the importance ofrunning along the subunits and the C terminus (Fig-
ure 4A). the C-terminal knot for oligomerization.
In order to test the effects of single amino acid substi-The tetramer is platted in the center by the hydropho-
bic C-terminal extensions (amino acids 142–150) of each tutions, the side chain of Leu-147, a central residue
making contact to Leu-144, Leu-147, Val-22, and Pro-monomer (Figure 4B). This extension is unlikely to form
any secondary structure in the monomeric state due to 148 and Pro-149 of the adjacent subunits, was replaced
by serine, substituting the hydrophobic side chain by aits unique 2  2 tandem proline motif (-LLPPLPPA). The
C-terminal knot involves extensive hydrophobic interac- polar one. The L147S galectin mutant showed a similar
shift in molecular weight distribution as observed fortions (Figures 4 and 5). The largest contact area is ob-
served between the N-terminal strand F1 of monomer the deletion mutants C3 and C6 (data not shown).
To destabilize the C-terminal knot, two prolines wereA and strands F2/F3 of monomer C (Figures 1 and 5). The
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Figure 4. Contact Surface and C-Terminal Extension
(A) Solvent-accessible surface (probe radius 1.4 A˚) is displayed around two subunits (blue). The contact surface is colored red. Only residues
analyzed to contribute to the interface are displayed.
(B) The molecular surface is transparently contoured for two subunits. The stretched C termini form protrusions onto which the extensions
of the other subunits hook onto reciprocally.
substituted by glycines, putatively allowing greater flexi- tures, this residue interacts with His-141 and Pro-146,
as well as with Pro-146, Leu-147, and Pro-148 of thebility in the protein backbone. Pro-146 to Gly had detri-
mental effects on the stability of the galectin in vivo and two neighboring subunits. Since absence of these two
proline residues in the deletion mutants C3 and C6on its size distribution in gel filtration, resulting in three
peaks within the region of full-length protein tri- and did not lead to extensive destabilization of tetrameric
galectin, these results indicate that mutations affectingdimers (data not shown). The P148G mutant exhibited
an altered molecular size distribution with higher levels side chain interactions do not destabilize the oligomeric
state drastically. Instead, the increased backbone flexi-of the monomeric form (data not shown). In crystal struc-
Figure 5. Intersubunit Contacts in the CGL2 Tetramer
Interacting residues of an arbitrary subunit A with the subunits B, C, and D (see Figure 1) of the same tetramer are indicated on the left hand
side. Interaction with residues from subunits B (crossing C termini), C (adjacent C termini), and D (diagonally related) are to be read out at
the top and are pattern coded. Interactions cluster to strand F1 (A) interacting with F2 and F3 (C), F5 (A) interacting with F5 (B), and to contact
of the C termini of subunits A, B and C. The chart includes hydrogen bonds (direct and water mediated) as well as van der Waals interactions.
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Figure 6. Oligomeric Structure and Substrate Binding by CGL2 and Derived Mutants
Gel filtration chromatography was performed on Superdex 75.
(A) CGL2 exists as a tetramer in all concentrations tested. Roman numbers indicate the approximate position of tetra- (IV), tri- (III), di- (II), and
monomeric (I) species.
(B) Mutants in the C terminus show skewed distribution of the tetramer with successive increase in di- and monomeric species. C6 is shown
as representative.
(C) Deletion of the complete C-terminal extension (C8) leads to the presence of distinctly monomeric species.
(D) Mutant C8 is not affected in substrate binding. Lactose has the same inhibitory activity (I50  2 mM) toward binding to immobilized
asialofetuin in indirect ELISA. Hill functions are plotted for illustration.
(E) Oligomerization is independent of substrate binding or the ability to bind substrate (CGL2 W72G).
(F) Binding of active site mutants to asiolafetuin. Arg55Ala is severely impaired in substrate binding (approximately 50–100). Carbohydrate
binding is completely abolished in the Trp72Gly mutant.
bility, introduced by a proline to glycine substitution, model substrate (asialofetuin), biosensor experiments
were conducted. The equilibrium dissociation constantappears to reduce the stability of the tetramer. The
closer to the beginning of the C-terminal extension the for wild-type galectin was calculated from kinetic data
to be approximately 4  10
8 M, which is far belowputative hinge was introduced, the more pronounced
were the effects, possibly because of the generation a reported affinities of galectins toward free glycans (KD
10
4–10
5 M; Hirabayashi et al., 2002). C-terminallonger flexible extension. The oligomeric state was
found to be independent of bound substrate and of CGL2 mutants showed marked reduction in binding
strength. The successive truncation of the C terminusthe ability of a mutant protein to bind the substrate
(Figure 6E). leads to a concomitant increase in dissociation con-
stants. The binding affinities of all mutants are summa-To address the influence of subunit composition and
tetramer stability on galectin binding to an immobilized rized in Table 3. The elevated binding strength can be
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Table 3. Effect of Oligomerization Mutants on Substrate Binding Assayed by SPR
Concentration Tested
Protein [10
6 M] ka [104 M
1 s
1] kd [10
3 s
1] KD [10
8 M]a
CGL2 0.01–2.0 13.0  1.9 4.6  0.4 3.6
C3 0.50–6.0 2.0  0.2 8.6  0.2 43.7
C6 0.50–10.0 1.2  0.1 12.0  0.8 105.4
C8 10.00–100.0 NDb ND‡ 1000.0c
P146G 10.00–100.0 NDb NDb 1000.0c
L147S 1.00–10.0 1.3  0.1 16.0  0.3 122.9
P148G 1.00–10.0 1.1  0.2 7.8  0.3 70.4
a Calculated from quotient of kinetic data.
b ND, not determined.
c Estimated from the maximum concentration tested (100 M).
attributed to increased avidity by the multimeric ga- ble energy minimized structures (data not shown). In
consequence, there is little enthalpic gain to be ex-lectin.
pected upon partial desolvation of the glycan and re-Indirect ELISA assays were performed to confirm that
binding by the lectin side chains. Binding enthalpy willthe recognition of the carbohydrate is not altered in the
however be gained by hydrophobic interactions and wasmutants. The binding of wild-type and mutant galectins
shown to be crucial for binding of the minimal ligandto an asialofetuin surface was competed in solution with
(CGL2 W72G; Figure 6F).increasing concentrations of lactose to yield the con-
Endogenous substrates for the fungal galectin are notcentration of hapten required for 50% inhibition (I50). A
identified to date. There is no evidence so far for therepresentative diagram is shown in Figure 6F, illustrating
presence of -galactosides on glycoproteins of higherthat the two lectins, wild-type and C8, recognize the
fungi. Nevertheless, Jennemann et al. (2001) demon-carbohydrate with the same affinity. It can thus be con-
strated that substituted -galactosides, glycoinositol-cluded that the affinity of mutant C8 for binding to
phosphosphingolipids, are present in mushroom spe-asialofetuin is equal or larger than the affinity of a single
cies closely related to C. cinerea that show remarkablebinding site for the respective sugar.
resemblance to mammalian blood group B determinant,
i.e., 1-2 fucosylation and 1-3 galactosylation of
Discussion -galactosides. In this case, the carbohydrate linked to
the reducing end of the galactoside is mannose. Indeed,
Carbohydrate recognition is the first and crucial step (glyco-)lipids from C. cinerea have been shown to repre-
in galectin function. Nevertheless, downstream effects, sent receptors for CGL2 in situ and in vitro (P.J. Walser
triggered by the binding event, need to be considered et al., submitted). As demonstrated above, the oligosac-
to paint a complete picture of the biology of these fasci- charide at the reducing end of the -galactoside is not
nating lectins. Lectin-oligosaccharide interactions very restricted to glucose or N-acetylglucosamine. Various
often follow low-affinity binding (Weis and Drickamer, glycans can fulfill the requirements for positioning of
1996). When dealing with transient contacts of cell-to- the mandatory -galactoside. Based on the structural
cell recognition and interaction, low-affinity binding ren- evidence presented here, the interaction with a reducing
ders the interaction reversible, since huge numbers of mannose attached through the 4-OH would be identical
binding partners are potentially involved on the cell sur- to that of glucose, since the epimeric 2-hydroxyl, as
face. In the present study, we demonstrate on a molecu- well as the 6-OH and the ring oxygen, is directed toward
lar basis how the mushroom galectin CGL2 recognizes the solvent. The elaborated -galactosides found in
the minimal carbohydrate (a -galactoside with ex- glycosphingolipids mentioned above are connected
tension at the reducing end) and how substituted through their exocyclic 6-hydroxyl group (Jennemann
-galactosides resembling animal blood group determi- et al., 2001). It is possible that carbohydrate moieties
nants are accommodated in an extended binding site. with alternative epimeric configuration and linkage ro-
The rigid active site of the protein shows no conforma- tate around the glycosidic bond, especially the one ex-
tional changes upon substrate binding. Furthermore, it tended by the exocyclic group, until their conformation
was observed that the solvation of the free binding site is locked by binding to the Arg-Glu platform in the main
closely mimics the minimal carbohydrate ligand. As sug- part of the binding site. The binding groove presents a
gested previously, binding of the ligand is likely to be positive potential at the surface but is flanked at the
entropically driven, since a large number of water mole- entrance by the two glutamic acids (Figure 7). Extended
cules are displaced from the active site and presumably oligosaccharides, such as the ones reported for fungal
also from the carbohydrate (Gupta et al., 1996). From glycosphingolipids, could well be accommodated in this
the analysis of the substrate-bound complexes, it can extended binding cleft (Figure 7). In mammals, glyco-
be concluded that (1) positioning of the -galactoside sphingolipids are known as major constituents of lipid
in the cavity of the binding site is fundamental and unal- rafts and have been implicated in a multitude of interac-
tered in derivatives of lactose and (2) binding presum- tions at the cell surface, ranging form cell adhesion to
ably does not involve a conformational change in the modulation of signal transduction and membrane orga-
nization (Pike, 2003; Hakomori, 2003). Cross-linking ofligand since glycans in crystal structures closely resem-
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Figure 7. Extension of the Binding Site
CGL2 is shown as a surface representation in
complex with blood group A tetrasaccharide
(stick representation). The electrostatic po-
tential is mapped to the molecular surface,
blue and red indicating positive and negative
potentials, respectively. The binding groove
is seen as a central channel with the entrance
to the cleft marked by an Arg-Glu cluster
flanking the vast stretch of positive potential
in the central furrow with two negative re-
gions (Glu-58 and Glu-75). The core binding
site is indicated by Asn-64, Trp-72, and Glu-
75. The terminal 1-3galactoside expands
deepest into the groove, with its 4-hydroxyl
group pointing in direction of the extension of
the binding site. Laterally, the 2-acetamido
group reaches into a pocket confined by Thr-
36, Val-38, Ser-53, and Glu-128. These two
positions represent the most likely groups for
substitutions in extended oligosaccharides.
glycosphingolipids specifically enriched in membrane with immobilized ligands. In combination with enhanced
affinity for substituted -galactosides, this provides amicrodomains may represent one way of modulating
the biological function of such rafts through galectins powerful tool for selectivity of endogenous galectin li-
gands. Multivalency of lectins has important conse-(Braccia et al., 2003).
The extensive interface between monomers coupled quences on carbohydrate recognition and discrimina-
tion between closely related glyco-epitopes (Brewer etwith the intertwining of the C termini suggest that the
CGL2 tetramer is extremely stable and highly favored al., 2002). In the first instance, assuming that the individ-
ual free energy of binding of the carbohydrate for aover mono- or even dimeric states in solution. Measuring
changes in heat capacity by thermal denaturation will multivalent lectin (n valencies) is equal for all consecu-
tive binding events, i.e., no cooperativity, an augmentedaid in further understanding the hallmarks of oligomeri-
zation in future. The tetrameric arrangement is novel for number of binding sites can lead to increase of the total
binding affinity by logarithm of the nth order of the affinitygalectins, and the multimer interface differs from those
reported previously for canonical dimers of animal ga- constant: Gtot  G1 … Gn→ Gtot 
nRT·lnKA 

RT·lnKAn. As a consequence, selection of the ligandlectins (see Shirai et al. [2002] for a comparison between
animal galectins). In contrast, tetrameric organization may be biased by avidity and not individual affinity.
Simultaneous binding of the maximal number of sub-has been observed in phylogenetically unrelated plant
lectins with a fold related to galectins (Loris, 2002). With units, obeying the geometric constraints imposed by a
rigid multimeric lectin, would control substrate selectiv-regard to alternating orientation of binding sites, the
CGL2 tetramer shows resemblance to the tetrameric ity. This would result in binding of the glycoligand that
will allow simultaneous binding of the maximal numberlegume lectin GS I-B4, albeit with differences in realiza-
tion of the tetrameric interface (Lescar et al., 2002). Ac- of sites with the minimal enthalpic penalty upon con-
comitant conformational change in the ligand or lectincording to the quaternary arrangement, spacing and
orientation of potential glycoligands are precisely de- complex. Therefore, additional factors like geometric
constraints and accessibility to a binding site havefined, therefore restricting cross-linking activity to suit-
able ligands or formation of favorable glycoligand- strong influences on the discrimination process. Bhatta-
charyya et al. (1988) reported formation of selective pre-galectin lattices (lattice control). Successive truncation
of the C terminus had profound impact on the binding cipitates with defined stoichiometry between multiva-
lent lectins and glycoproteins/glycopeptides fromof mutant galectins to an immobilized ligand surface
and consecutively increased the dissociation constant binary mixtures of glycoligands. The molecules in these
precipitates probably interact according to precise geo-by influencing both association and dissociation rates
of complex formation. A difference of 2–3 orders of mag- metric constraints of the lectin binding sites. Inter-
estingly, crystallographic studies of the complex ofnitude in net binding strength between wild-type galec-
tin and the mutant with a completely removed C-terminal soybean agglutinin and various biantennary oligosac-
charides have revealed formation of different latticesextension (C8) was observed.
The results presented here demonstrate that the which depend on the type of complexed oligosaccha-
ride (Olsen et al., 1997).multimeric organization of the mushroom galectin has
a substantial influence on the interaction of the galectin In many cases, galectins have been found to act as
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against PBS. Active site mutant W72G was purified by affinity chro-mediators or modulators of cell adhesion by binding to
matography on CGL2 coupled to NHS-sepharose (20 mg/ml; APglycoconjugates at the cell surface or the extracellular
Biotech) and eluted with 1% Triton X-100, 0.5 M acetic acid (pHmatrix (Hughes, 2001). The fixed orientation of the bind-
3.5), 150 mM NaCl. Detergent was removed by repeated passing
ing clefts in CGL2 is expected to result in cross binding over Bio-Beads SM-2 (Bio Rad).
of two glycoconjugates above and below the tetrameric All mutant proteins were controlled by MALDI-TOF mass spec-
troscopy for identity and purity.plane in a diagonal arrangement. The separation be-
tween diagonal pairs of binding sites is 70 and 55 A˚
Mutant Constructionbetween adjacent sites. One type of interaction would
Mutants were generated by the QuikChange (Stratagene) methodinvolve diagonal binding sites of the tetramer on each
or jumping PCR (Sarkar and Sommer, 1990) with oligonucleotides
plane, which would position the galectin tetramer flat containing mutant sequence or stop codons.
with respect to the cell surface. This interaction would
cross-link glycans in close vertical proximity relative to Crystallization and Structure Solution
5.0 mM CGL2 Ser90Cys was derivatized in vitro with 10 mM thimero-the cell membrane. Alternatively, vertically positioned
sal in PBS and subsequently freed from reaction buffer by ultrafiltra-tetramers would use adjacent binding sites to interact
tion. Derivatization was confirmed by MADLI-TOF MS. Crystals werewith targets vertically spaced by 55–70 A˚. In accordance
grown by the vapor-diffusion hanging-drop method using 2.5 l ofwith the results obtained in the biosensor experiments,
a 20 mg/ml protein solution mixed with 2.5 l 10.7% (w/v) PEG 3350,
it seems that a maximum of two galectin binding sites 25% (w/v) PEG 400, 1.0 M NaCl, and 30 mM Na-phosphate (pH 7.3).
are available for simultaneous interactions in the sur- Crystals were obtained within 1 week at 18C. Carbohydrates were
obtained from Dextra Laboratories Ltd. and Accurate Chemical &face-immobilized situation. If the contributions of each
Scientific Corp. and were added to the protein at 10 mM. All databinding event are assumed to be equal, the overall free
collection was performed at 100 K. X-ray diffraction data for theenergy upon binding of two asialofetuin glycans (i.e.,
mercurial derivative and linear B2 were generated using synchrotronN-acetyllactosamine, KD  16 M) yields the closest fit radiation (  0.99 A˚) at the Swiss Light Source, PSI, Switzerland.
to the observed increase in binding affinity: The data for the remaining crystals were collected using a rotating
anode X-ray generator (  1.54 A˚) (Rigaku). MAR-Research image
plates were used for data collection. Data reduction was carried
G0experimental
G0divalent


RT lnKA,experimental

RT ln K 2A,LacNAc

17.1
22.0
 0.8
out with DENZO and SCALEPACK (Otwinowski and Minor, 1997).
Intensities were converted to amplitudes in TRUNCATE as part of
for wild-type CGL2. This is a reasonable result in light CCP4 (1994). SAD on mercurial data was performed using Solve/
of the structural data, which show adjacent binding sites Resolve (Terwilliger, 2001). The initial model was built using ARP/
wARP (CCP4, 1994). Refinement was done using REFMAC (CCP4,pointing in opposite directions. Nevertheless, this ap-
1994) and CNS (Bru¨nger et al., 1998). The initial model was used forproximation does not take into account the presence of
molecular replacement with MOLREP (CCP4, 1994) in all subsequentthree O-linked glycans on asialofetuin (of type Gal1-
structure solutions. Real space refinement and manual model build-3GalNAc; Nilsson et al., 1979) that would be recognized
ing was performed in O (Jones et al., 1991). Models for carbohy-
by the galectin, albeit with about 4-fold lower affinity. drates were built using SWEET (Bohne et al., 1999).
Competition between the different types of glycans for
galectin binding is hence expected to result in a ratio Structural Analysis and Presentation
Illustrations were prepared with Pymol (DeLano Scientific LLC,smaller than one.
http://www.pymol.org) and Swiss-Pdb Viewer (Guex and Peitsch,The experimental data presented here allow precise
1997; http://www.expasy.org/spdbv/). Ray tracing of Swiss-Pdbpredictions regarding the nature and geometry of the
Viewer images was done with POV-Ray 3.5. Carbohydrate-galectin
carbohydrate ligands for CGL2 and consequences interactions, as well as tetramer interactions, were analyzed using
brought about by valency. Surface-immobilized bovine LIGPLOT (Wallace et al., 1995). Solvent-accessible and buried sur-
asialofetuin, used to investigate the importance of face were calculated using Surface Racer (Tsodikov et al., 2002).
Contact surface and electrostatic potentials were calculated inmultivalent lectin interactions, seemingly interacts with
Swiss-Pdb Viewer.merely two binding sites of the tetramer. In vivo, lattice
formation with glycoligands and coordination of all four
Biosensor Experimentsbinding sites with glycoconjugates of higher affinity than Surface plasmon resonance experiments were performed with Bia-
N-acetyllactosamine would result in next to irreversible core 2000 (Biacore AB). Analytes were dissolved or extensively dia-
binding and therefore make the galectin tetramer an lyzed against running buffer (PBS). Interactions were studied at 25C
and a flow rate of 20 l/min. Proteins were immobilized to surfaceextremely potent cross-linker of glycoconjugates.
using amine-coupling to CM5 chips yielding100–200 RU. Concen-
tration ranges to be measured were determined for each interactionExperimental Procedures
and set to be approximately 0.1–10  initially estimated KD. At least
six concentrations were measured per analyte and remeasuredPurification of Proteins
once. Asialofetuin was used at 0.5 M for all competition experi-CGL2 was heterologously expressed in Saccharomyces cerevisiae
ments. Kinject mode was used throughout. Data were evaluatedusing a derivative of pYADE4 (Brunelli and Pall, 1993) containing
using BIAevaluation Software 2.1 and the models offered therein.the coding sequence of cgl2 (Boulianne et al., 2000). Wild-type and
cysteine mutants were expressed in strain SEY 6210 (MAT his3-
200 leu2-3,112 lys2-801 suc2-9 trp1-901 ura3-52), C-terminal Size Exclusion Chromatography and Solid
Phase Binding Assaysand active site mutants in strain BY4741 (MATa his31 leu20
met150 ura30 ). Cytoplasmic proteins were harvested by glass Gel permeation chromatography was performed with Superdex 75
HR 10/30 (AP Biotech) at room temperature. Running buffer wasbead treatment of the yeast cells in 150 mM NaCl, 30 mM Na-
phosphate (pH 7.5) (PBS), 10 mM EDTA, 1 mM PMSF. The prepara- PBS and detection was done at 280 nm. Coating of asiolafetuin to
IMMULON (Dynatech) plates was done at 2 g/well in 100 mMtion was centrifuged for 30 min at 20,000  g and decanted. Galec-
tins were purified by affinity chromatography on lactosyl-sepharose, Na2CO3 (pH 9.6), 0.2 mM NaN3 over night at 4C. Quantification of
bound galectin was performed by incubation with polyclonal rabbitprepared by divinyl sulfone coupling (Fornstedt and Porath, 1975).
Proteins were eluted with 0.2 M lactose and extensively dialysed anti-CGL antibody (1:5000) (Boulianne et al., 2000) followed by goat-
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anti-rabbit-IgG horseradish peroxidase conjugate (1:5000) and TMB Intravascular metastatic cancer cell homotypic aggregation at the
sites of primary attachment to the endothelium. Cancer Res. 63,color development.
3805–3811.
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